arXiv:hep-ph/0609024 v1 4 Sep 2006

Small Strange Quark Content of Protons

Michael D. Scadron^∗

Physics Department, University of Arizona, Tucson, AZ 85721, USA

Frieder Kleefeld^†

Doppler Institute for Mathematical Physics and Applied Mathematics & Nuclear Physics Institute Czech Academy of Sciences, 250 68 Řež, Czech Republic

George Rupp^‡

Centro de Física das Interacções Fundamentais, Instituto Superior Técnico P-1049-001 Lisboa, Portugal

September 4, 2006

Abstract The contribution of strange sea quarks to the proton mass and spin, as well as the related pion-nucleon sigma term, are briefly revisited, in the light of new experimental and lattice results. Also the predictions of chiral perturbation theory for these quantities are discussed.

PACS numbers: 14.65.Bt, 14.20.Dh

Very recent combined experimental [1] and lattice [2] results now unmistakably show that the strange-quark sea contribution to the proton mass is very small, suggesting [3]

Δm^{(s)}_N = y 2 ( m_s m̂ ) cur σ_{πN} ∼ 10 MeV^1 , (1)

where m̂ = (m_u + m_d)/2, and the strangeness quark ratio y is defined as y ≡ 2⟨p|s̄s|p⟩ ⟨p|ūu + d̄d|p⟩ . (2)

On the light plane, it was first estimated that [5] (m_s m̂ ) cur ≈ 6 – 7 . (3)

∗Electronic address: scadron@physics.arizona.edu †Collaborator of Centro de Física das Interacções Fundamentais; electronic address: kleefeld@cfif.ist.utl.pt ‡Electronic address: george@ist.utl.pt 1Somewhat higher values, up to 30 MeV, cannot be completely excluded [4]

Using Eqs. (2) and (3) together with the usual pion-nucleon σ-term σ_{πN} ≈ 65 MeV, Eq. (1) can then be solved for y as y = 2Δm^{(s)}_N (m_s m̂ ) cur σ_{πN} ∼ 2 × 10 MeV 6.5 × 65 MeV

∼ 5% . (4)

In fact, 13 years ago the measurement of the nucleon strange-quark distribution, using neutrino charm production [6], found a comparable result, viz.

y = 0.064^{+0.008}_{−0.007} . (5)

Moreover, the Feynman-Hellman theorem [7] led to nearly model-independent results of 7–10% [8] and ≤ 5% [9]. Recently, the pion and kaon q̄q masses were dynamically generated, again leading to a similar ratio [10] y ≈ 5 – 6 % . (6) Lastly, scalar σ and f_0(980) tadpole leakage gives rise to about the same scale [11], i.e.,

y ∼ 6 % , (7)

with y defined as in Eq. (2).

Now we turn our attention to the related problem of the nucleon spin “crisis”. The nucleon valence-quark scheme [12] predicts axial-vector spin components of the nucleon as

Δu_v = 4 3 , Δd_v = − 1 3 , Δs_v = 0 , (8)

where the subscript “v” refers to valence. The EMC data of SLAC-Yale [13] improved this valence spin prediction to [14]

Δu = 0.94 ± 0.007 , Δd = −0.31 ± 0.07 , Δs = −0.02 ± 0.07 . (9)

Given the recent [15] g_A = 1.2695 value deduced from neutron β decay, and the axial baryon d/f ratio (d/f)_A ≈ 1.74 [16], with d + f ≡ 1, one gets [10, 17],

Δu = 0.870 , Δd = −0.400 , Δs = −0.057 . (10)

Dynamical tadpole leakage, using the axial-vector mesons f_1(1285), f_1(1420) [15] and a reasonable mixing angle ϕ_A ∼ 15^∘, leads to very similar predictions [18, 17, 10]. These values are also totally compatible with the QCD Björken-sum-rule result (including higher-twist effects) [19]

Δu = 0.85 ± 0.03 , Δd = −0.41 ± 0.03 , Δs = −0.08 ± 0.03 . (11)

We should stress the self-consistency between Δm^{(s)}_N leading to the y values in Eqs. (4–7) — including data in Eq. (5) — and the |Δs| ∼ 6% scale in Eqs. (10) and (11).

The issue of the strange-quark content of the proton has received a great deal of attention from chiral perturbation theory (ChPT) over the decades. First, 25 years ago, Gasser estimated [20] (also see Ref. [21]) a very large value of

y ∼ 60 % , (12) still using the definition of Eq. (2). Later, Gasser, Leutwyler and Sainio [22] reduced the ChPT prediction to y ∼ 20 % , (13) leading them to conclude: “This value appears to be quite reasonable as the corresponding contribution of the term m_ss̄s to the proton mass is of order (m_s/2m̂) × 10 MeV ≈ 130 MeV.” Still very recently [23], Sainio held on to this ChPT value: “This value of y corresponds to about 130 MeV in the proton mass being due to the strange sea.” In view of the above-mentioned new experimental and lattice results, the present-day ChPT prediction appears to be an order of magnitude too large, not to speak of the original ChPT estimates. In contrast, the various other theoretical approaches outlined in the foregoing are in agreement with the new data, not only for the strangeness contribution to the proton mass, but also for its spin. Therefore, a reassessment of some of the premises of ChPT seems inevitable.^2

Finally, let us come back to the strongly related issue of the πN σ-term in Eq. (1), which has been at the centre of intense debate for the past thirty odd years. To be more precise, on the experimental side there has never been a real controversy about σ_{πN} , with measured and extracted values clearly converging over the years: 58 ± 13 MeV in 1971 [25], 66 ± 9 MeV in 1974 [26], 64 ± 8 MeV in 1982 [27], and no significant deviations from the latter value in more recent determinations. However, ChPT predictions of σ_{πN} have been more volatile. In 1982, the review by Gasser and Leutwyler estimated it at 24 – 35 MeV [28]. By 1991, ChPT had developed a much fancier scheme [22], in which three additional contributions were added to the original, perturbative term due to Gell-Mann, Oakes and Renner (GMOR) [29], and σ_{πN} also ceased to be a c-number:

σ_{πN} (t = 2m^2_π ) = σ^{GMOR}_{πN} + σ^{HOChPT}_{πN} + σ^{s̄s}_{πN} + σ^{t−dependent}_{πN} ≈ (25 + 10 + 10 + 15) MeV = 60 MeV . (14) Here, the second term on the right-hand side arises from higher-order ChPT, the third one from the strange-quark sea, and the fourth is a t-dependent contribution due to going from t = 0 to the Cheng-Dashen [30] point t = 2m^2_π, where the πN background is minimal. Leutwyler [31] concluded: “The three pieces happen to have the same sign.” Of course, for things to work out right, all four pieces must have the same sign, including the GMOR term. However, by 1993 it had already become very clear from experiment [6] that the strange-sea contribution to σ_{πN} is not of the order of 10 MeV, but rather ≤ 2 MeV. The very recent combined experimental [1] and lattice [2] results have now strengthened this body of evidence. In complete accord with the latter picture and the experimental value of σ_{πN} are nonperturbative estimates based on the infinite-momentum frame [32, 10], predicting only one term, viz. σ_{πN} ∼ m^2_Ξ + m^2_Σ − 2m^2_N 2m_N ( m^2_π m^2_K − m^2_π ) ≈ 63 MeV , (15)

or via sea contributions from a nonstrange σ resonance [33, 10], yielding

σ_{πN} = σ^{quenched} πN + σ^{unquenched} πN = σ^{quenched} πN + m^2_π m^2_σ m_N ≈ (25 + 40) MeV = 65 MeV , (16)

for m_σ ≈ 650 MeV, where the quenched contribution was determined by quenched-lattice calculations [34].

2In Generalized ChPT (GChPT), the ratio (m_s/m̂)_{cur} could be as small as ≈ 10, with m̂ possibly as large as ∼ 20 MeV [24]. This is to be contrasted with the standard ChPT values (m_s/m̂)_{cur} ≈ 25 – 30 MeV and m̂ ∼ 5 MeV. Thus, GChPT would probably lead to a less serious discrepancy with the observed small strangeness content of the proton.

Acknowledgments

This work was supported by the Fundação para a Ciência e a Tecnologia of the Ministério da Ciência, Tecnologia e Ensino Superior of Portugal, under contract POCI/FP/63437/2005. One of us (F.K.) also acknowledges financial support from the Czech project LC06002.

References

[1] R. D. Young, J. Roche, R. D. Carlini and A. W. Thomas, arXiv:nucl-ex/0604010, to appear in Phys. Rev. Lett. (2006).

[2] D. B. Leinweber et al., Phys. Rev. Lett. 97 (2006) 022001 [arXiv:hep-lat/0601025]. [3] A. W. Thomas, QCD and the Structure of Nucleons & Nuclei: Insights through Electron Scattering, Plenary Talk given at the IVth Intern. Conf. on Quarks and Nuclear Physics (QNP 2006), Madrid, 5–10 June 2006,

http://teorica.fis.ucm.es/%7Eft11/QNP06/PROGRAM.DIR/saturday_june_10th.html

[4] A. W. Thomas, private communication.

[5] H. Sazdjian and J. Stern, Nucl. Phys. B 94 (1975) 163. Also see N. H. Fuchs, H. Sazdjian and J. Stern, Phys. Lett. B 238 (1990) 380.

[6] S. A. Rabinowitz et al., Phys. Rev. Lett. 70 (1993) 134; Their measurement of y is completely consistent with the prior experimental value found by C. Foudas et al., Phys. Rev. Lett. 64 (1990) 1207.

[7] H. Hellman, Einführung in die Quantenchemie, Deuticke, Leipzig, 1937; R. P. Feynman, Phys. Rev. 56 (1939) 340.

[8] T. Kunihiro, Prog. Theor. Phys. 80 (1988) 34. [9] J. Stern and G. Clement, Phys. Lett. B 241 (1990) 552.

[10] M. D. Scadron, F. Kleefeld and G. Rupp, arXiv:hep-ph/0601196; M. D. Scadron, F. Kleefeld and G. Rupp, in preparation.

[11] M. D. Scadron, Z. Phys. C 54 (1992) 595.

[12] M. A. B. Beg, B. W. Lee and A. Pais, Phys. Rev. Lett. 13 (1964) 514. [13] J. Ashman et al. [European Muon Collaboration], Phys. Lett. B 206 (1988) 364. [14] M. Anselmino and M. D. Scadron, Phys. Lett. B 229 (1989) 117. Also see G. Preparata, P. G. Ratcliffe and J. Soffer, Phys. Lett. B 273 (1991) 306.

[15] W. M. Yao et al. [Particle Data Group], J. Phys. G 33 (2006) 1.

[16] Z. Dziembowski and J. Franklin, J. Phys. G 17 (1991) 213; F. E. Close, Phys. Rev. Lett. 64 (1990) 361; R. L. Jaffe and A. Manohar, Nucl. Phys. B 337 (1990) 509.

[17] L. Babukhadia and M. D. Scadron, Hadronic J. 26 (2003) 503 [arXiv:hep-ph/0208242]. Note that here the prior experimental value g_A = 1.267 was still used.

[18] M. D. Scadron, Phys. Rev. D 29 (1984) 2076.

[19] J. R. Ellis and M. Karliner, Phys. Lett. B 341 (1995) 397 [arXiv:hep-ph/9407287], Eq. (12). [20] J. Gasser, Ann. Phys. (NY) 136 (1981) 62.

[21] J. F. Donoghue and C. R. Nappi, Phys. Lett. B 168 (1986) 105. [22] J. Gasser, H. Leutwyler and M. E. Sainio, Phys. Lett. B 253 (1991) 252. [23] M. E. Sainio, Eur. Phys. J. A 24S2 (2005) 89.

[24] M. Knecht and J. Stern, 2nd DAPHNE Physics Handbook, eds. L. Maiani, G. Pancheri and N. Paver, pp. 169–190 (QCD183:L15:1995), arXiv:hep-ph/9411253.

[25] G. Hoehler, H. P. Jakob and R. Strauss, Phys. Lett. B 35 (1971) 445. [26] H. B. Nielsen and G. C. Oades, Nucl. Phys. B 72 (1974) 310. [27] R. Koch, Z. Phys. C 15 (1982) 161.

[28] J. Gasser and H. Leutwyler, Phys. Rept. 87 (1982) 77; see Appendix D. [29] M. Gell-Mann, R. J. Oakes and B. Renner, Phys. Rev. 175 (1968) 2195. [30] T. P. Cheng and R. F. Dashen, Phys. Rev. Lett. 26 (1971) 594.

[31] H. Leutwyler, Rapporteur talk given at 26th Intern. Conf. on High Energy Physics (ICHEP 92), Dallas, TX, 6–12 Aug 1992, report no. BUTP-92-42.

[32] G. Clement, M. D. Scadron and J. Stern, J. Phys. G 17 (1991) 199. [33] G. Clement, M. D. Scadron and J. Stern, Z. Phys. C 60 (1993) 307. [34] S. Cabasino et al. [Ape Collaboration], Phys. Lett. B 258 (1991) 195.